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摘  要 
I 




-沉淀法引入离子液体后，制备过程中离子液体的用量、体系的 pH 以及 Au 负载量均会
影响所获催化剂的催化性能。离子液体的引入可以提高 Au 的有效负载量，并在一定程
度上提高催化剂的催化性能，但 Au 负载量的提高是有限的，而且 Au 的有效利用率偏
低。将离子液体引入生物还原法后，考察了制备过程中离子液体的种类、生物质的种类
和生物质浓度的影响，发现所选取的几种含有咪唑类阳离子基团的离子液体引入均有助




丙烯转化率保持在 11%左右，PO 选择性在 73%左右。之后，丙烯转化率逐渐降低，而
PO 选择性则在 700 h 内均维持在 70%以上。 





类要求不高，在实验条件下，本文所选取的毕赤酵母(P. pastoris)、乳酸杆菌 (Lactolacillus 





















摘  要 
II 
液中 Au 的回收，获得了 98%以上的回收率。 
其次，在利用菌体-表面活性剂协同作用回收金的过程中发现，如以 CTAC（十六烷
基三甲基氯化铵）代替 CTAB，获得的产物就是形貌规整的，具有三维立体结构的金纳
米花，研究发现菌体用量、AA 浓度以及 CTAC 浓度均会影响所获产物的形貌，并进一




















1. Ionic liquid (IL) was introduced to the preparation process of Au/TS-1 
catalysts with Deposition-Precipitation (DP) method and Bioreduction (BR) Method. 
And the obtained catalysts were used for the direct vapor-phase epoxidation of 
propylene in the presence of hydrogen and oxygen. For the Au/TS-1 catalysts 
preopared by DP method with IL (i.e. DP-IL method)，the catalytic performance was 
affected by the amount of IL, pH of the solution and Au loading amount. Introduction 
of IL could effectively increase the actual Au loading amount and increase the 
catalytic performance to some extent, while the utilization efficiency of Au precursor 
was still too low. For the preparation of Au/TS-1 catalysts by bioreduction method 
with IL (i.e. BR-IL method), the influence of types of ionic liquid, different biomass 
and the concentraction of the biomass extract on the vapor-phase epoxidation of 
propylene was researched. It was found that ionic liquid with alkyl imidazolium 
cation could effectively immobilize the bio-Au nanoparticles onto the TS-1 support, 
and the utilization efficiency of Au precursor was close to 100%. Also the 
corresponding catalytic permormance of the propylene epoxidation was increased. 
The stability of the Au/TS-1 catalysts on stream was tested and the results showed that 
propylene conversion maintained at about 11% and the PO selectivity was kept at 
about 73% during 200 h; after 200 h, the propylene conversion gradually declined 
while the PO selectivity was still more than 70%. 
2. The recovery of gold from aqueous Au(III) solution system and the 
preparation of three-dimensional Au nanoflowers were researched via a biological 
method based on the synergistic action between microorganism and surfactant with 
the reduction of ascorbic acid (AA). First, a new strategy in which gold recovery can 
be strengthened through the engineering of Au nanostructures on the basis of the 
synergistic action between microorganism and surfactant. The influences of different 
microorganisms, surfactants, concentration of Au precursor, pH of the solution and the 
impurity ions coexisted with Au(III) on the recovery process were investigated. And 

















containing P. pastoris, Lactolacillus sp, Aspergillus niger, Saccharomyces cerevisiae, 
Mucor sp. and E. coli. In the cases of tetradecyl trimethyl ammonium bromide 
(TTAB), hexadecyltrimethylammonium bromide (CTAB) and octadecyl trimethyl 
ammonium bromide (OTAB), Au recovery could be achieved. on the basis of, Au(III) 
in the HAuCl4 solution with the concentration between 0.12~1.15 mM could be 
recoveried under the the synergistic action between microorganism and CTAB. The 
coexistance of impurity ions containing Na+, K+, Zn2+, Al3+, HSO3－, SO32－ had little 
influence on the Au recovery. While Cu2+ and Ag+ in the HAuCl4 solution could lead 
to the formation of lots of Au nanoparticles suspending in the solution instead of Au 
nanowires, which is unfavorable for the separation. The recovery rate was more than 
98% by using this method to the actual gold- containing wastewater. 
Second, three-dimensional Au nanohorns (AuNHs) were obtained when 
hexadecyltrimethylammonium chloride (CTAC) was used instead of CTAB under the 
synergistic action between microorganism and surfactant with the reduction of AA. A 
proper ECC dosage, ascorbic AA and CTAC concentrations were essential for the 
growth of the AuNHs. And the the formation frocess of AuNHs was researched. 
 




















摘  要 ........................................................................................................ I 
目录............................................................................................................ V 
第 1 章 离子液体增强负载法制备丙烯气相环氧化 Au/TS-1 催化剂的
研究............................................................................................................. 1 






1.2 离子液体引入沉积-沉淀法制备 Au/TS-1 催化剂 ....................................... 9 
1.2.1 实验过程简介...................................................................................... 10 
1.2.2 离子液体引入沉积-沉淀法制备 Au/TS-1 催化剂 ............................ 10 








第 2 章 菌体-表面活性剂协同作用回收金以及基于该法的金纳米花
制备过程研究 .......................................................................................... 33 



















































Abstract ...................................................................................................... I 
Contents .................................................................................................... V 
Chapter 1 Preparation of Au/TS-1 Catalysts by Bioreduction-Ionic 
Liquid Enhanced Immobilization ........................................................... 1 
1.1 Introduction ..................................................................................................... 1 
1.1.1 Introduction of industrial methods for the propylene oxide production . 1 
1.1.2 Current research of propylene epoxidation ............................................. 3 
1.1.3 Research on the Au catalysts for propylene epoxidation ........................ 5 
1.1.4 Introduction of Application of Ionic Liquid in catalyst preparation ....... 7 
1.1.5 Research Content of this chapter ............................................................ 7 
1.2 Preparation of supported Au/TS-1 catalyst by deposition–precipitation 
method with ionic liquid ....................................................................................... 9 
1.2.1 Experimental section ............................................................................. 10 
1.2.2 Preparation of Au/TS-1 catalysts with deposition–precipitation method 
with ionic liquid ............................................................................................. 10 
1.3 Preparation of Au/TS-1 catalysts by bioreduction method with ionic 
liquid..................................................................................................................... 15 
1.3.1 Experimental section ............................................................................. 15 
1.3.2 Investigation of factors affecting catalyst preparation process ............. 15 
1.3.4 Effect of concentration of plant biomass extract .................................. 21 
1.4 Conclusions and suggestions ........................................................................ 22 
1.4.1 Conclusions ........................................................................................... 22 
1.4.2 Suggestions ........................................................................................... 23 
Reference ............................................................................................................. 24 
Chapter 2 Gold recovery from aqueous solution and preparation of 

















surfactant ................................................................................................. 33 
2.1 Introduction ................................................................................................... 33 
2.1.1 Introduction of Au recovery from aqueous solution ............................. 33 
2.1.2 Scope of this work ................................................................................ 35 
2.2 Gold recovery from aqueous solution based on synergistic action of 
microorganism and surfactant section .............................................................. 38 
2.2.1 Experimental section ............................................................................. 38 
2.2.2 Investigation of key factors affecting the recovery process .................. 38 
2.2.3 Application to the actual gold-containing wastewater .......................... 45 
2.3 Preparation of Au nanoflowers based on the synergistic action of 
microorganism and surfactant ........................................................................... 47 
2.3.1 Characterizations of the obtained Au nanoflowers ............................... 47 
2.3.2 Investigation of factors affecting the formation of Au nanoflowers ..... 48 
2.3.2 Investigation of factors affecting the formation of Au nanoflowers ..... 52 
2.4 Conclusions and suggestions ........................................................................ 54 
2.4.1 Conclusions ........................................................................................... 55 
2.4.2 Suggestions ........................................................................................... 54 
Reference ............................................................................................................. 56 
Acknowledgements ................................................................................. 60 
Selected publications .............................................................................. 62 








































































（3）过氧化氢氧化法。简称 HPPO 法，采用 TS-1 作为催化剂，以 H2O2作
为氧化剂，该工艺只生成 PO 和水，没有其它联产品，工艺简单，基本无污染，
属于环境友好的清洁生产系统。该工艺以 Dow/BASF 和 Evonik/Uhde 的工业化技
术最为成熟，两种技术本质上相同，主要差别在于反应器和催化剂的不同[7]。
Dow/BASF的HPPO装置2009年在比利时建成投产，年产量30万吨；Evonik/Uhde
于 2008 年在韩国蔚山建造年产能为 10 万吨的 HPPO 装置，另外其还在泰国建设




我国 PO 产业的绿色化升级奠定了良好的基础。虽然以 H2O2 为氧化剂的 TS-1 催
化丙烯液相环氧化过程已经开始工业化投产，但也存在一些不可避免的缺点和问
题[12]：如溶剂甲醇会使产物 PO 开环，作为该工艺核心部分的催化剂 TS-1 价格
相对较高，需要考虑其失活与再生问题；氧化剂 H2O2 水溶液储运存在安全问题，


















院 Chadwick 教授课题组[13]、大连理工大学郭新闻教授课题组[14]等。 
1.1.2 丙烯环氧化研究现状 
近年来，开发具有绿色特征的丙烯环氧化工艺已经受到学术界和工业界的高
度重视，除上述以 H2O2 为氧化剂，TS-1 直接催化丙烯液相环氧化的路线外，还





高选择性的氧化 C=C，又要抑制 α-氢的氧化，同时还要使 PO 不发生连续氧化，
即需要构建可以提供亲电氧物种的体系[4]。 





[19]研究了以分子氧为氧化剂，K 作为助剂的 Ag/CaCO3 催化剂上丙烯环氧过程，
发现适量 K 的引入有助于提升催化性能，认为该过程可能形成 K 的过氧或者超
氧物种，银的粒径在 20~40 nm 催化性能最佳[23]，丙烯转化率接近 6%，PO 选择
性 15.2%。Lu 等针对银催化剂表面的丙烯气相环氧化过程做了大量工作[20-23]，
虽然经过载体优化，助剂添加等方式可在一定程度上改进催化性能，但 PO 的选
择性还是很难超过 60%。Kulkarni 等[24]研究了 Ag/α-Al2O3 表面 PO 的连续氧化过
程，发现在有氧无氧条件下 PO 连续氧化的产物不同：无氧存在时 PO 在银催化
剂表面会转化为丙醛、酮和烯丙醇，而丙醛会进一步转化为丙烯醛；而在有氧存



















剂。Lambert 等[25,26]通过超高真空下 Cu(III)表面模型反应进行了研究，认为 Cu
可以较有效催化含有 α-氢的烯烃的环氧化反应。王野课题组通过对 K 促进的
CuOx-SiO2 催化氧气氛下丙烯环氧化过程的研究认为 Cu(I)活性位可能起到活化
O2、生成对环氧化有利的亲电性氧物种的作用[18]。Vaughan 等[27]通过对不同制
备方法获得的 Cu/SiO2 催化剂上丙烯环氧化过程研究认为小粒子的 Cu 物种可能
是丙烯环氧化的活性中心。李灿课题组[28] 在(KAc)-Cu/SiO2 催化剂上，丙烯的转
化率为 1.35%时，获得了 60%左右的 PO 选择性，利用红外光谱研究了不同价态
的 Cu 和丙烯作用，结果表明 Cu(0) 和 Cu(I)都具有丙烯环氧化活性，前者更有




用其作为氧化剂，既可有效的消除 N2O，又可避免环境污染。目前以 N2O 为氧
化剂的丙烯环氧化过程主要采用碱金属盐修饰的 Fe 催化剂。王野课题组系统地
开展了以 N2O 为氧化剂、以 Fe 为催化活性中心催化剂上的丙烯环氧化反应研究，
发现催化剂中碱金属盐的修饰对 PO 的生成起到关键作用[29-32]。Horváth 等的研
究也认为，KCl 的修饰获得对于提升 Fe 催化剂的 PO 选择性有促进作用[33]，向
FeOx/SiO2–KCl 催化剂再引入过量的 Cl（NH4Cl）可抑制 K-Si 和 Fe-Si 间相互作
用，有助于提高催化活性和 PO 选择性[34]。该类催化剂的主要问题是稳定性较差，
需要进一步改进。 
（3）以 H2 和 O2 共存时丙烯气相环氧化路线，该过程主要是在金催化剂上
进行，载体一般为含钛氧化物。Haruta 等[35]首次将 Au/TiO2 催化剂用于 H2 和 O2
共存时丙烯的环氧化反应，虽然丙烯的转化率较低（1%左右），但 PO 选择性在
90%以上，此后有关在 Au 催化剂表面 H2 与 O2共存条件下丙烯气相环氧化过程
的研究获得了研究者的关注，由于该路线在反应温度较低的条件（小于 300 oC）
下能取得较高的 PO 选择性（通常大于 90%），目前被认为是一种最有前途的工
艺[36-39]。该路线可以看做是一个 H2、O2 原位生成过氧化氢物种并催化丙烯环氧
化的过程：催化剂中的金组分首先催化 H2 和 O2 反应生成 H2O2，然后生成的 H2O2






























只有负载在 TiO2 或者钛硅分子筛（如 TS-1）上的金催化剂才能选择性地生成环




高，担载上 2～5 nm 的 Au 纳米粒子才具有有效的丙烯环氧化催化性能，当 Au






为主，所得的金催化剂催化丙烯氧化反应时主要生成 CO2 和 H2O；而利用沉积
沉淀法获得的金颗粒与载体间的相互作用则较强，负载的金颗粒形貌以半球形为
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